In this paper, the airflow and temperature distribution characteristics of a 1.65MW permanent magnet synchronous machine (PMSM) adopting a totally enclosed self-circulation (TESC) axial ventilation system (AVS) are studied by numerical methods. Base on the 3-D finite volume method, the ventilation performances of the PMSM with different ventilation hole numbers on the frame and stator axial ventilation duct heights are compared to determine the optimal ventilation hole number and stator axial ventilation duct height. Then, based on the 3-D finite element method (FEM), the thermal sensitivity analysis is performed by considering the variations of the mesh and thermal conductivity of the winding insulation, and the mesh and size of the assembling clearance. The results can be benefit for identifying the most important factors affecting the accuracy of 3-D FEM thermal calculation of PMSMs. The temperature distribution of the 1.65MW PMSM with the TESC AVS is obtained in the conditions of the optimal ventilation system. At last, a 1.65MW PMSM prototype with the presented TESC AVS is developed according to the airflow and temperature calculation results, and the temperature rise test performed on the prototype validates the accuracy of the simulation results.
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I. INTRODUCTION
Permanent magnet synchronous machines (PMSMs) are widely used in electric vehicles [1] , [2] , renewable energy generation, flywheel energy storage systems [3] , [4] , industrial drive systems and so on. Large PMSMs have broad application prospects in wind turbine generators, electric shipboard propulsion motors, mining equipment motors, etc. [5] . Thermal analysis is necessary for designing and optimizing a PMSM because the size of a PMSM is determined by the temperature rise of the insulation and the magnets in the machine [5] , [6] . In order to avoid the local overheating of the winding insulation and the permanent magnets, effective forced ventilation systems are essential for large PMSMs.
According to the cooling air flow path inside the electrical machines, forced air cooling system can be divided into radial ventilation systems (RVSs) and axial ventilation systems (AVSs). Since the RVS is superior to the AVS in the respects of more uniform temperature distribution and larger heat dissipation area [7] , the RVS is often applied to large electrical machines, such as PMSMs [6] - [9] , VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ salient pole synchronous machines [10] - [15] , and nonsalient pole synchronous machines [16] , [17] . However, the structure of RVS can significantly affect the electromagnetic performance of the electrical machines, which makes them more difficult to design and optimize [8] , [18] . Meanwhile, the cores of electrical machines with an RVS need to be laminated in sections, which are very difficult to proceed, especially for large PMSMs. For the AVS, the structure and processing techniques are simpler, and the efficiency of electrical machines with an AVS is generally higher than that of electrical machines with a RVS when the two machines have the same average temperature rise in the windings, especially for the electrical machines with a short axial length and a small ratio of length to diameter.
The cooling air distributes nonuniformly in forced aircooled PMSMs due to the complex geometry of the machine, and the flow state of the cooling air has a direct impact on the thermal performance of various parts in the machines [15] . Therefore, studying on the cooling air flow state in a forced air-cooled electrical machine has a vital significance in verifying the rationality of a ventilation system and accurately predicting the temperature distribution of the machines. One of the most common methods for airflow and thermal analysis is the lumped parameter (LP) based airflow and thermal networks. The airflow analysis of large synchronous machines using airflow networks is studied in [11] , [19] , [20] . Thermal networks of electrical machines are investigated in [7] , [20] - [27] . Although the LP based airflow and thermal networks are fast to solve compared with the numerical method, their application may be limited as they fail to provide an accurate airflow and temperature distribution of electrical machines. In addition to the use of LP based network models, the numerical techniques of flow and thermal analysis, including finite element method (FEM) [9] , [12] , [28] - [30] and computational fluid dynamics (CFD) [13] - [17] , [31] - [34] , have been widely investigated. The numerical methods can provide detailed information and insight into the fluid and thermal behaviors in solving the airflow and temperature distributions inside the machines.
In this paper, the airflow and temperature distribution characteristics of a 1.65MW PMSM adopting a totally enclosed self-circulation (TESC) AVS are studied based on CFD and FEM, respectively. The ventilation performances of the PMSM with different ventilation hole numbers on the frame and different stator axial ventilation duct heights are compared to determine the optimal ventilation hole number and stator axial ventilation duct height. Then, based on the 3-D FEM, the thermal sensitivity analysis is performed by considering the variations of the mesh and thermal conductivity of the winding insulation, and the mesh and size of the assembling clearance. The results are useful for identifying the most important factors affecting the accuracy of 3-D FEM thermal calculation of PMSMs. At last, a 1.65MW PMSM prototype with the presented TESC AVS is developed, and the temperature rise test performed on the prototype validates the accuracy of the simulation results.
II. PROTOTYPE AND VENTILATION SYSTEM CONFIGURATION
Low-speed PMSMs usually have large diameters and small axial lengths to increase the efficiency and reduce the weight of the active parts, and are suitable for AVS. Therefore, a TESC AVS is applied to a 1.65MW PMSM prototype in this paper, and its parameters are shown in Table 1 . The configuration of the ventilation system of the prototype with is shown in Fig. 1 . There are three ventilation channels inside the prototype in order to take away the heat from as shown in Fig. 1 (b) and (c).
The first ventilation channel is located between the stator frame and the stator core, and the second ventilation channel is the air gap of the motor, and the third ventilation channel is the gaps in the rotor core. External cooling fans are adopted to drive the cooling air, and some wind guide components are used to guide the wind flow according to the arrangement. In order to realize TESC, an air cooler is applied to the system to cool the hot air. The detailed configuration and the air circulation process of the ventilation system is illustrated in detail in [20] .
III. MATHEMATICAL MODEL AND ANALYSIS METHOD A. BASIC ASSUMPTIONS
To simplify the flow field and temperature filed analysis of the 1.65MW PMSM, some assumptions are made as follows.
1) The cooling air is assumed to be an ideal incompressible gas, and the density and the dynamic viscosity of the cooling air are considered constant.
2) The effect of buoyancy and gravity is ignored.
3) The structure of the preformed windings in the electrical machine is complicated. In order to improve the modeling and calculation efficiency, the slot winding insulation, including the ground insulation, the impregnating vanish between two adjacent copper wires and the wire insulation is simplified as a body with an equivalent thermal conductivity of 0.26 W/(m·K) according to the class F insulation as shown in Fig. 2 . 4) Heat sources are uniformly distributed in the corresponding parts of the electrical machine.
B. FLOW FIELD MODEL
Based on CFD theory, the governing equations including mass conservation equation and momentum conservation equation for the flow field model are established in [35] . where ρ is the density of air; t is the time; µ is the dynamic viscosity of air; u, v and w are the x, y and z components of the fluid velocity vector u; P is the static pressure; S u , S v and S w are the source terms of the momentum equation.
Based on finite volume method, the governing equations are solved by using commercial software package FLUENT. The boundary conditions for the flow field simulation include the inlet boundary, the outlet boundary and the wall boundary. The velocity inlet boundary condition is adopted, and the inlet air velocity is determined by the air volumetric flow rate and the dimension of the inlet. The outlet is set as the pressure outlet and the gauge pressure is 0 Pa.
As forced air cooling gives a large Reynolds number within the narrow ventilation ducts and the air gap, turbulence models are essential to accurately calculate the flow fields. The standard k-ε model is adopted in this study. The standard wall function is used to deal with the viscosity lamination near the solid wall surface. The dimensionless wall distance y+ from the first mesh cancroids to the wall is used to display whether the mesh is refined appropriately.
C. TEMPERATURE FILED MODEL
Based on the heat transfer theory, the steady-state heat transfer equations and boundary conditions are as follows:
where T is temperature; qv is heat source density; λ is thermal conductivity coefficient; n is the normal vector boundary; α is convective heat transfer coefficient; S1 is adiabatic potential surface; S2 is convective heat transfer surface; T f is the temperature of the fluid. Based on FEM, the steady-state heat transfer equations are solved. The boundary conditions for the temperature field calculation include the adiabatic boundary and the convective heat transfer boundary. The adiabatic boundary is applied to the circumferential section of the machine. The convective heat transfer boundary is applied to the surfaces of the machine contacted with the cooling air, including the stator core, the end windings, the rotor core and the frame. 
IV. OPTIMIZATION DESIGN OF THE VENTILATION SYSTEM A. EFFECT OF VENTILATION HOLE NUMBER ON PERFORMANCE
The ventilation holes in the frame are the passageways for connecting the cooling air inside the air chamber and inside the PMSM. By choosing the proper number of ventilation holes, the air velocity distribution in each part of the PMSM will be more uniform.
In this paper, the air velocity distribution at the inlet of the frame and the total air pressure distribution of the ventilation system with different number of ventilation holes are calculated, respectively. The calculations are carried out under the condition that the total area of the ventilation holes remains unchanged, and the results are shown in Fig. 3 and Fig. 4 , respectively. Since the ventilation holes on the frame are symmetrical in the circumferential direction, and the two fans are located at the center of the machine, the air velocity distribution at one side need only be analyzed. A comparison among average air velocity of each inlet of the frame with different number of ventilation holes is given in Table 2 .
As can be seen, the air velocity at the inlet of the frame distributes more uniformly with the increase of the ventilation hole number. By increasing the hole number from 4 to 6, the maximum difference of air velocity in each of the ventilation holes can be reduced from 25% to 10.6%. As the number of ventilation holes increases further, there is little difference in the uniformity of air velocity. The difference of total air pressure at different number of ventilation holes is small. Two factors are considered in the selection of the number of ventilation holes. On the one hand, the ventilation hole number need be increased as much as possible by considering the uniform of the air velocity distribution. On the other hand, the number of the ventilation holes should be reduced as much as possible by considering the integrity of the frame and the reduction of processing hours. Considering the uniformity of flow velocity and the convenience of processing, 6 ventilation holes are recommended.
B. EFFECT OF STATOR VENTILATION DUCT HEIGHT ON PERFORMANCE
The air volumetric flow rate distribution in the ventilation system is determined by the sizes of the air paths and the coordination among them. The stator ventilation duct height has a great influence on the distributions of air volumetric flow rate and air velocity in each part of the PMSM, thus affecting the heat dissipation ability of the machine.
The distributions of the air volumetric flow rate, the air velocity and the total air pressure of the ventilation system with different height of the stator ventilation ducts are calculated, respectively. The calculations are carried out under the condition that the total air volumetric flow rate of the ventilation system remains constant. The calculation results of the air volumetric flow rate and the average velocity distributions in the ventilation system with different height of the stator ventilation duct are shown in Fig. 5 -Fig. 7 . With the increase of the stator axial ventilation duct height, the air volumetric flow rate in the stator axial ventilation ducts increases and the corresponding air velocity decreases, at the same time, the air volumetric flow rates in the air gap and rotor gaps, and the corresponding air velocities decrease. This can be explained by the fact that the influence of the increase of the stator ventilation cross-sectional area on the air velocity is greater than that on the air volumetric flow rate, so the air velocity in the stator ventilation ducts is reduced. Because the cross-sectional areas of the air gap and rotor pole gaps are constant, the air velocities in these ducts decrease with the decrease of the air volumetric flow rates in the ducts. The total air pressure of the ventilation system with different stator ventilation duct height is shown in Fig. 8 . With the increase of the duct height, the total air pressure of the ventilation system decreases.
In conclusion, when the stator ventilation duct height is too high, the air velocity in each part of the ventilation system is reduced sharply, therefore, the cooling capacity of the ventilation system deteriorates significantly. When the stator ventilation duct height is too low, the total air pressure of the ventilation system increases rapidly, and a larger capacity fan is needed. In the design of the stator axial ventilation duct height, the air volumetric flow rate distribution, the air velocity distribution and the total air pressure of the ventilation system must be considered comprehensively.
C. DETERMINATION OF VENTILATION SYSTEM AND FLOW FIELD ANALYSIS OF THE 1.65MW PROTOTYPE
According to the analysis above, the frame with six ventilation holes in one side is adopted by the prototype, and the stator ventilation duct height is determined to be 20mm. The velocity and pressure distributions of the ventilation system are shown in Fig. 9 . The air velocities in the three ventilation ducts are shown in Fig. 10 . The calculation results show that the air velocity distribution of the ventilation system is uniform. The air volumetric flow rates and average velocities at different parts of the ventilation system are given in Table 3 . In the calculation, the air pressure drop of the air cooler is not considered. The air pressure drop of the air cooler is 210 Pa which is provided by the manufacturer. 
V. THERMAL ANALYSIS BY FEM
According to the cooling air velocity distributions in the ventilation system, the convective heat transfer coefficient in the air gap region can be obtained by the formulas (5) - (9) in [21] . The convective heat transfer coefficients in the stator ventilation ducts, core end surfaces, end windings and rotor gaps can be calculated as [20] 
where, α 0 is 14.2, and k is a coefficient which depends on the condition of the heat dissipation surface, and V is air velocity. According to the cooling air velocities in different parts of the cooling system, the convective heat transfer coefficients of the machine are obtained as shown in Table 4 .
A. TEMPERATURE DISTRIBUTION OF THE 1.65MW PMSM
Based on the calculation results of the convective heat transfer coefficients, the temperature field of the PMSM is calculated by using ANSYS software. Due to the symmetry of the prototype and the periodicity of flow characteristics along the circumferential direction, a 1/26 physical model of the overall machine is built up for the thermal analysis. The temperature distribution of the PMSM is calculated at the rated condition. The core loss of electric motors can be calculated by lumped parameter model, such as [36] . For this machine, the stator core loss, copper loss, rotor core loss and magnet eddy current loss are calculated by FEM and are applied to the thermal analysis as the heat sources. Fig. 11 shows the temperature distribution of the prototype when the ambient temperature is 30 • C. The peak temperature of the machine is located at the stator windings in slots at the air outlet side and the peak temperature rise is 66.4 K. The average temperature rise of the stator winding is 60.1 K. The maximum temperature difference along the axial direction of the stator winding is about 16.3K. The peak temperature rise of the magnet is 42.8K and the average temperature rise is 37.9 K. The temperature rise of the PMSM meets the requirements of F class insulation. The overall temperature distribution of the PMSM is reasonable, and the cooling system meets the design requirements.
B. SENSITIVITY ANALYSIS
Some uncertainties and randomness exist in the thermal analysis of large PMSMs. These uncertain factors include the mesh of small parts with low thermal conductivities (such as equivalent insulation, assembling clearance, etc.), the thermal conductivity of equivalent winding insulation, and the assembling clearance sizes. These uncertain factors may have a great influence on the temperature calculation results.
1) EFFECT OF EQUIVALENT INSULATION MESH ON WINDING TEMPERATURE RISE
The mesh has a great impact on the accuracy of thermal analysis, especially for the parts with large temperature gradient. If the mesh is too rough, it will bring large calculation errors or even mistakes. It is better to use uniform hexahedral mesh and avoid irregular triangular mesh as far as possible in order to make the results have good repeatability. In the prototype, the parts with large temperature gradient appear in the thin-walled structure with very small thermal conductivities, such as winding insulation, assembling clearance, air gap and so on. Fig. 13 shows the hexahedral mesh of winding insulation close to the tooth with different subdivision layers, and Fig. 14 shows the thermal analysis results under different subdivision layers. The results show that the winding temperature rise value is the highest when the mesh of the winding insulation is only one layer. The difference of winding temperature rise between one layer and three layers is about 5.4K, and the difference of winding temperature rise between two layers and three layers insulation meshes is only 1K. Therefore, the winding insulation mesh must be at least two layers in the thermal analysis to ensure the accuracy of calculation.
2) EFFECT OF EQUIVALENT INSULATION THERMAL CONDUCTIVITY ON WINDING TEMPERATURE RISE
The thermal conductivity of equivalent insulation has a great influence on the temperature rise of the machine. For electrical machines with class F insulation, the typical insulation thermal conductivity is 0.26 W/(m·K). The winding temperature rise vs. winding insulation thermal conductivity is shown in Fig. 15 . The results show that when the winding insulation thermal conductivity changes from 0.2 W/(m·K) to 0.28 W/(m·K), the maximum temperature rise of the motor winding is decreased by 5.5K, and the average temperature rise is decreased by 4K. The temperature rise of the electrical machine can be reduced by increasing the thermal conductivity of the equivalent winding insulation.
3) EFFECT OF ASSEMBLING CLEARANCE ON WINDING TEMPERATURE RISE
For the presented AVS, the stator core relates to the frame through supporting bars. The supporting bars and the stator core are welded together, and the shrink fit is adopted between the frame and the stator core with supporting bars. By considering the available technique and technology level, the assembling clearance size between the supporting ribs and the stator core is assumed to be about 0.07mm. However, it is difficult to ensure the consistency of the assembling clearance size during the practical manufacturing process. The effect of the assembling clearance size on the winding temperature rise is shown in Fig. 16 . The winding maximum temperature rise and average temperature rise are increased by 1.1K when the assembling clearance is doubled, which shows that the assembling clearance has little influence on the temperature of the PMSM with the TESC AVS. It can be concluded that this influence degree is much lower than that of the PMSMs cooled through the surface of the frame. Fig. 17 shows the mesh of assembling clearance between the stator core and the supporting bars with different mesh layers. The winding temperature rise under different mesh layers of the assembling clearance is shown in Fig. 17 . The results show that the difference of winding temperature rise between one layer and three layers is about 1K. Therefore, the assembling clearance mesh has little effect on the temperature rise of PMSMs with the TESC AVS. 
4) EFFECT OF ASSEMBLING CLEARANCE MESH ON WINDING TEMPERATURE RISE

VI. EXPERIMENTAL VALIDATION
A thermal test is carried out on the 1.65MW prototype to verify the accuracy of the calculation and the feasibility of the cooling system. The outline of the prototype and the schematic diagram of the experimental system are shown in Fig. 19 . The prototype operating in a generator mode is coaxially attached to a DC motor with the rated power of 1.3MW and rated speed of 200 rpm. The high power threephase adjustable resistor is adopted as the load of the generator prototype, and the output power of the prototype can be adjusted by changing the resistance value of the resistor. The power of the resistor can be adjusted 50kW each time when the line voltage is 690V. Due to the power limitation of the DC motor, the thermal test is carried out under the circumstances of 880kW and 1110kW, respectively.
The temperatures of the stator windings and the stator core are measured by the thermistors attached to the twophase windings and the yoke. 3 thermistors in one phase are uniformly distributed in the slot windings along the axial direction. 4 thermistors are installed on the surface of the end windings. The temperature sensors embedment in a coil is shown in Fig. 20 . 6 thermistors are mounted on the end surface of the stator yok. The temperature of the cooling air, including the hot air and the cooled air, is measured by the thermometers. The test process can be described as follows:
1) The DC motor drives the generator prototype operating at rated speed and no-load condition.
2) The cooling fans and the pump of the prototype are powered, and the three-phase adjustable resistor is connected to the prototype as the load. The power of the prototype is increased by connecting more groups of resistor units.
3) The output power of the prototype maintains 880kW (or 1110kW) by adjusting the load resistor. 4) Record the temperatures from the thermistors every half hour until the heat balance is reached.
By comparing the calculated results of the temperature rise with the corresponding tested results as shown in Table 6 , the calculated results are in good agreement with the experimental results, and the maximum deviation is 6.2%.
VII. CONCLUSION
An analysis process for analyzing the ventilation and thermal performances for MW-level PMSMs with a TESC AVS is presented. 3-D simulation methods of flow field and temperature field are adopted to determine the hole number on the frame and the height of the stator ventilation ducts and analyze the cooling and thermal performances of a 1.65MW PMSM with the TESC AVS. Some conclusions can be drawn as follows.
1) The ventilation hole number on the frame has a great influence on the airflow distribution of the frame inlet, but it has little influence on the total air pressure of the ventilation system. With the increase of the ventilation hole number, the air velocity at the inlet of the frame distributes more uniformly. Taking also the manufacturability and cost into account, 6 ventilation holes are suggested for the developed PMSM. 2) The stator axial ventilation duct height has a great influence on the airflow distribution and the total air pressure of the ventilation system. When the stator axial ventilation duct height is too high, the air velocity of the ventilation system is reduced, and therefore, the cooling capacity of the ventilation system is reduced. When the stator axial ventilation duct height is too low, the total air pressure of the ventilation system increases rapidly, and therefore a larger capacity fan is needed. The height of the stator axial ventilation duct must be determined by taking the cooling effectiveness and the fan capacity into account. 3) The mesh and thermal conductivity of the equivalent winding insulation have a great influence on the calculation results of the temperature field. The winding insulation mesh must be at least two layers in the thermal analysis to ensure the accuracy of calculation. When the winding insulation thermal conductivity changes from 0.2 W/(m·K) to 0.28 W/(m·K), the maximum temperature rise of the windings is decreased by 5.5K, and the average temperature rise is decreased by 4K. The temperature rise of the PMSM can be reduced effectively by increasing the thermal conductivity of the equivalent winding insulation. 4) The size and mesh of the assembling clearance between supporting bars and the stator core have little influence on the temperature of the PMSM with the presented TESC AVS. This influence degree is much lower than that of the PMSMs cooled through the surface of the frame.
